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Abstract
A fast neutron spectrometer consisting of segmented plastic scintillator and 3He proportional counters
was constructed for the measurement of neutrons in the energy range 1 MeV to 200 MeV. We discuss
its design, principles of operation, and the method of analysis. The detector is capable of observing
very low neutron fluxes in the presence of ambient gamma background and does not require scintillator
pulse-shape discrimination. The spectrometer was characterized for its energy response in fast neutron
fields of 2.5 MeV, 14 MeV, and the results are compared with Monte Carlo simulations. Measurements
of the fast neutron flux and energy response at 120 m above sea-level (39.130◦ N, 77.218◦ W) and at a
depth of 560 m in a limestone mine are presented. Finally, the design of a spectrometer with improved
sensitivity and energy resolution is discussed.
Keywords: Capture gating, Fast neutron detection, Low background, Neutron spectrometer,
Underground physics
1. Introduction
To minimize the influence of ambient back-
grounds resulting from cosmic rays and natural
radioactivity, many physics researchers site their
experiments in deep underground laboratories [1].
Regardless, there will still exist fast neutrons that
can strike nuclei and produce recoils that may
mimic signatures of rare events. Alternatively, the
neutrons may activate radioactive isotopes in de-
tector material producing background in these low
event rate experiments [2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14]. An improved knowledge of the fast
neutron energy spectrum and flux in the varied
environments of these experiments would enable
better optimization of efforts to identify and min-
imize such backgrounds.
Fast neutrons encountered in underground lab-
oratories arise primarily through two mechanisms,
muon-induced spallation and naturally-occurring
radioactivity in the local environment. Neutrons
from radioactivity are predominantly generated by
spontaneous fission in the 238U and 232Th decay
chains and (α,n) reactions in surrounding mate-
rial. These neutrons typically have energies of a
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1Present Address: Yale University, New Haven, CT
06511 USA
2Present Address: Le Moyne College, 1419 Salt Springs
Rd, Syracuse, NY 13214 USA
few MeV and range up to about 15 MeV. Neu-
trons from the local environment have fluxes that
are related to the uranium and thorium content
of the surrounding rock and are therefore inde-
pendent of the laboratory depth. Neutrons of
much higher energies (up to a few GeV) are pro-
duced from cosmic-ray muon-induced spallation
reactions [15, 16]. These neutrons range from a
few MeV to many GeV, and their flux and spec-
trum vary with the amount and composition of the
overburden.
For many underground facilities, there is in-
sufficient knowledge of the underground flux and
spectrum at the lower energies, and the situa-
tion is typically poorer at higher energies. The
need for understanding fast neutron backgrounds
has outpaced the ability to perform such mea-
surements [16]. Experimenters have become re-
liant on Monte Carlo modeling as their best ap-
proach to quantifying neutron fluxes as a function
of energy [17, 18], particularly in the high energy
regime. In many cases, the models lack experimen-
tal benchmarks with which the results can be veri-
fied. The problem becomes even more complicated
when one considers the secondary fast neutrons
that can be created from the initial spallation neu-
trons. It is clear to the community of researchers in
underground physics that reliable measurements
of both the fluxes and energy spectra are essential
to understanding their backgrounds [19]. A num-
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ber of collaborations address this concern by mea-
suring fast neutron parameters directly at their
experimental facility [20, 21, 22, 23, 24, 25, 26, 27]
and by benchmarking the codes that they use for
simulations [17, 18].
In this paper, we present the design and re-
sults of a Fast Neutron Spectrometer (FaNS-1)
whose purpose is to enable energy and flux mea-
surements of very low levels of fast neutrons with
good energy resolution. The spectrometer consists
of segmented plastic scintillator bars and 3He pro-
portional counters [28, 29]. The proton recoil in
the scintillator bars permits energy reconstruction,
and the capture of the delayed, thermalized neu-
tron improves event identification without requir-
ing pulse-shape discrimination. It has a dynamic
range from approximately 0.5 MeV to 200 MeV,
which allows the determination its energy response
to both terrestrial and cosmic sources. These re-
sults can be compared with simulations to help
improve the accuracy their predictions.
In Section 2 the principle of capture gated spec-
troscopy is briefly reviewed along with a method to
restore energy resolution through segmenting the
detector. The design of the FaNS-1 spectrometer
is presented in Section 3 along with the electron-
ics, data acquisition system, and analysis method.
Results from characterization studies performed in
2.5 MeV and and 14 MeV neutron fields are given
in Section 4. In Section 5 a measurement of the
fast neutron response generated at the Earth’s sur-
face is presented. The results from measuring the
fast neutron response in the Kimballton Under-
ground Research Facility (KURF) [30] are given in
Section 6. These measurements are summarized in
Section 7 along with brief description of a second
spectrometer under construction that will have a
higher efficiency and a sensitivity over a broader
energy range.
2. Neutron Detection with Plastic Scintil-
lator and 3He Proportional Counters
2.1. Capture-gated neutron detection
The detection method employed here is known
as capture-gated spectroscopy [31, 32, 33, 34]. In
brief, the idea involves using an organic scintillator
to detect fast neutrons through their recoil interac-
tion with protons in the scintillator. The neutrons
that thermalize and are captured produce a signal
indicating that the recoil event was due to a neu-
tron, as illustrated in Fig. 1. This capture serves
to discriminate against uncorrelated background
events. It also indicates that there was full depo-
sition of neutron’s energy in the scintillator bars,
thus permitting the reconstruction of the initial
neutron energy.
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Figure 1: A schematic representation of a fast neu-
tron interacting in a block of scintillator and cap-
tured within a 3He proportional counter. The first
few scatters create recoil protons with enough en-
ergy to be measured above a threshold. After the
neutron thermalizes, it diffuses within the medium
until capturing on a 3He nucleus. Segmentation of
the detector permits reconstruction of the incident
energy of the neutron, despite the nonlinear light
response.
The FaNS-1 spectrometer uses 3He in propor-
tional counters as the capture agent although
Gd [35] is a common agent and other efforts have
focused on the use of 10B [36, 37] and 6Li [38, 39].
3He has two important advantages in that the re-
action produces two charged particles in the final
state rather than gamma rays, thus making it easy
to identify, and it has a large thermal neutron cross
section. A neutron is captured by a 3He nucleus,
resulting in a proton and a triton
3He+ n→ p+ t+ 764 keV. (1)
The energy is shared between the two reaction
products. Purely via kinematics, the proton re-
ceives 573 keV and the triton receives 191 keV.
The use of separate detectors for the proton re-
coil signals and the neutron capture signals has
the benefit of being able to distinguish between
the two [33]. Because the neutron capture al-
ways occurs after the recoil, we look for signals
which have the reverse time order as a measure
of the uncorrelated coincidences between the scin-
tillator and the proportional counters. For the
low rate of capture events in this work, the un-
correlated coincidences are uniformly distributed
in time while the signal from a neutron that ther-
malizes and captures occur at short times char-
acterized by the neutron diffusion time and the
scintillator geometry. With the resulting timing
spectrum, a proper background subtraction can be
applied to the data. This will be discussed further
in Section 4.
2
2.2. Energy reconstruction and response
When a neutron undergoes thermalization in
an organic scintillating medium, the main mech-
anism of energy loss is scattering from protons.
As it does so, proton recoils yield light through
the scintillation process. For incident gamma-rays,
the light-output response function is linear over a
wide range of energies, but that is not the case
for heavy charged particles. The light output L
from a neutron that deposits all of its energy in
a single scatter, E1s, is not the same as one that
deposits all of its energy through multiple scatter-
ings. For example, if one considers two scatters
with E2sa + E
2s
b = E
1s, one finds specifically that
L
(
E2sa + E
2s
b
)
< L
(
E1s
)
. (2)
This is due to the non-proportional energy-to-light
conversion where the ratio of light to energy de-
creases with proton energy, leading to a deficit
in the total light collected in multiple scattering
events as compared to single scattering events. For
a single scintillator detector, the degree of multi-
ple scattering is not known and thus reconstruct-
ing the kinetic energy of a stopped neutron leads
to poor energy resolution [36].
This problem can be mitigated by separating
the occurrence of multiple scatters into separate
segments, as shown in Fig. 1. The energy trans-
fer in each individual scatter can be reconstructed
according to the light response function of the scin-
tillator and combined to properly reconstruct the
energy of the incident neutron [40, 41]. Ideally, the
segments should be small enough so that on aver-
age a neutron makes not more than one interac-
tion per segment, but one must balance enhanced
resolution against detector complexity. In a prac-
tical implementation, the segment size will be such
that there is often more than one scatter within the
segment, but the resolution is still significantly im-
proved when compared with a detector of the same
volume but without segmentation.
Another critical factor in obtaining the correct
energy is understanding the specific light response
as a function of the stopped particle energy and
type of scintillator that was used. Much work
has been done studying the effective light response
curves for different types of liquid scintillator, in-
cluding NE-2133 and BC-501 [42, 43]. If the spe-
cific energy loss is known for the particular mate-
rial, it is possible to calculate the nonlinear light
3Certain commercial equipment, instruments, or mate-
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National Institute of Standards and Technology, nor is it in-
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response function [44, 45, 46]. The method is
based upon the concept that the quenching of light
stems from recombination of electrons and ions in
the scintillator. For heavy charged particles, which
have high specific energy loss and deposit most of
their energy in a very small range, the quenching
is enhanced by the increased density of electrons
and ions. Some pairs recombine, and therefore do
not produce light.
A fitting function of the following form was de-
rived in Ref. [45] that produces the light response
of protons
dL/dx = S × (dE/dx)× [1 + kB × (dE/dx)
+ C × (dE/dx)2]−1, (3)
where dL is the light produced in path length
dx, dE/dx is the specific energy loss of a parti-
cle with kinetic energy E, and S is a scintilla-
tion efficiency determined through gamma calibra-
tion. kB and C are adjustable parameters that
were empirically determined to fit light response
measurements in Ref. [47] for NE-102 polyvinyl-
toluene plastic scintillator (an equivalent to the
BC-400 used in this work). The values obtained
are kB = 0.0085 g/cm2 MeV−1 and C = 1 ×
10−6 (g/cm2 MeV−1)2. The specific energy loss
used came from the NIST database for the stop-
ping power and range of protons and alphas in
polyvinyltoluene [48]. This technique provides a
smoothly varying function that covers the broad
range of neutron energies used in this work. Re-
cent work [49] has shown that there may be sig-
nificant deviations from fits of Ref. [44] for plastic
scintillator at low-energy recoils. This would effect
both the simulated and reconstructed energies in
the detector. By measuring and simulating the de-
tector response to monoenergetic neutron sources,
it is possible to test the validity of this determina-
tion for the light response.
For this work, the term “deposited energy” is
used to describe the energy response generated by
the stopped neutrons in the FaNS-1 detector. The
term is defined as the neutron kinetic energy that
is converted to ionization in the plastic scintilla-
tor. For many neutrons this will represent the
full kinetic energy, but there exist several effects
that cause distortions in the measured spectra. In
addition to the nonlinear light output of the scin-
tillator from protons, there are effects such as a
greatly reduced light output for particles heavier
than protons, multiple scattering in a single scintil-
lator, and scattering in non-scintillating material.
Of particular concern are carbon interactions, elas-
tic and inelastic, which absorb energy without pro-
ducing significant light. These reactions combine
to widen and distort the measured peak, generally
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shifting the response to lower energies. If the these
effects did not contribute to detected events, the
resulting energy deposit spectra would represent
the true neutron kinetic energy spectra.
3. FaNS-1 Detector
3.1. FaNS-1 Design and Data Acquisition System
The design of the detector took advantage of
segmentation and capture-gating to achieve good
energy resolution and good background rejection.
The detector consists of six 3He proportional coun-
ters and six segments of plastic scintillator, ar-
ranged as illustrated in Fig. 2. Each segment is
a 9.0 cm × 18.5 cm × 15.0 cm section of BC-400
scintillator and an identical section of light guide
that is glued to the scintillator. Each scintillator
segment has an active volume of 2.5 L, yielding a
total active volume of 15.0 L. Two 7.62 cm photo-
multiplier tubes (PMT) are mounted at the end
of each light guide via 5 cm long cylindrical light
guides. Each segment is wrapped in aluminized
Mylar and made light tight with black electrical
tape. This optical decoupling prevents crosstalk
between the segments. The segments were repur-
posed from another experiment [50], and no struc-
tural changes were made to them.
The 3He proportional counters were manufac-
tured by Reuter Stokes and have a 2.54 cm di-
ameter aluminum body and an active length of
46 cm. They contain a mixture of 4.0 bar of 3He
and 1.1 bar of natural krypton, which increases the
stopping power of the gas for heavy, charged par-
ticles. This reduces wall effects where only one of
the final state products of the neutron capture de-
posits its full energy [51]. The krypton has a negli-
gible effect on the neutron detection efficiency due
to its low interaction cross section.
The detector is housed in two banks, one on ei-
ther side of the row of six proportional counters.
This arrangement is a convenient geometry to use
given the fixed size of the scintillator segments and
proportional counters and the limited flexibility in
their arrangement. The housing ensures that the
detectors will remain in the same location relative
to each other and provides a reproducible configu-
ration. The detector was covered with flexible, 3-
mm thick, boron-loaded silicone rubber to shield
from ambient thermal neutrons that would con-
tribute to the uncorrelated background rate.
The signal from each PMT was sent through an
asymmetric splitter circuit, shown in Fig. 3. The
signal is passed through a passive resistor chain
that produces two signals, a full-amplitude signal
and an attenuated signal, which are a factor of
nine different in pulse height. This approach al-
lows for both good resolution at low energy and
Figure 2: An illustration of the FaNS-1 detector
(color online). The regions shaded blue are scintil-
lator and the grey portions are lucite light guide.
The six 3He proportional tubes are red and shown
in the center. The PMTs are mounted to the cylin-
drical light guides with silicone potting.
a large dynamic range [52]. The large amplitude
signal was delayed by about 150 ns, and the two
signals for a given segment were summed in a lin-
ear fan-in/fan-out. The two PMT signals from
each segment were summed together to reduce the
number of channels needed for acquisition. The
PMT and 3He proportional counter signals were
recorded by an 8-channel, 125 MSample/s, 12-bit
PCI-based waveform digitizer. Examples of the
resulting traces are shown in Fig. 4.
The six 3He proportional counters were biased
through preamplifiers and did not have shaping
amplification. All six individual preamplifier sig-
nals were combined in one fan in/out module, and
the output went into one channel of the waveform
digitizer. The digitization of the 3He signals al-
lowed the extraction of risetime and amplitude
information, which in turn permitted some neu-
tron/alpha discrimination [53]. This proved essen-
tial for achieving high sensitivity in environments
where the neutron flux was very low. All of the
proportional counters were tested individually and
gain matched to within 5 %.
The data acquisition system triggered on a
proportional counter signal, and typically 400µs
traces of all channels were digitized. Digitizing
all channels allows us to set the PMT thresholds
in software analysis, rather than hardware. The
trigger window includes time before and after a
prompt coincidence (i.e., an event where the PMT
and proportional counter signals occurs nearly si-
multaneously); this permits a real-time measure-
ment of the random background of uncorrelated
coincidences, which manifest themselves in events
where the proportional counter trigger comes be-
4
Figure 3: A block diagram of the trigger electron-
ics. Each PMT signal from a scintillator segment
is asymmetrically split; one signal is delayed and
then summed with the undelayed attenuated sig-
nal and input into one channel of the waveform
digitizer. Approximately 11 % of the initial signal
is lost through the splitter box. The data acqui-
sition system (DAQ) is triggered internally by the
3He signal.
fore a PMT signal. Figure 4 shows a sample event
in which a neutron interacts in two segments of
the scintillator before capturing on a 3He nucleus.
The energy and timing information for each
event are extracted from the digitized signals in
software. Both the full and attenuated signals,
shown in Fig. 4, are analyzed. If the full signal
saturates the data acquisition, the pulse height is
taken from the attenuated signal. As a safety mar-
gin, the cross-over point from full to attenuated is
taken as 80 % of the saturation point.
3.2. Analysis
The digitized waveforms were stored for offline
analysis. PMT signals were integrated to de-
termine the number of photoelectrons detected.
Gamma-ray source calibrations were performed
with 137Cs and 60Co and provided the conversion
from photoelectrons into energy. Source availabil-
ity in the detector locations limited the ability to
calibrate at multiple energies. During the long
running of the detector underground, the PMT
gains drifted. To account for the drift, the data
acquisition system was configured to trigger on
any individual scintillator segment for a short pe-
riod every hour, thus yielding ambient gamma
spectra for each segment. These spectra included
discernible 40K and 208Tl gamma lines from the
surrounding rock. The Compton edge from the
2.6 MeV 208Tl gamma was tracked over time, pro-
viding a continuous calibration reference.
Because plastic scintillator is a low-Z material,
the dominant feature in the gamma energy spec-
trum is the Compton edge. To achieve an accu-
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Figure 4: Top: A neutron event candidate (color
online). The red and black traces are digitized
PMT signals from two scintillator segments, and
the blue trace is the signal from a 3He proportional
counter. Note that the scintillator signals come
before the 3He proportional counter signal from
the capture of a thermalized neutron. Bottom:
An expanded view of the two separate scintillator
signals. Note that they are coincident in time, in-
dicating that they most likely arose from the same
fast neutron. The delayed full and prompt atten-
uated signals are both apparent.
rate calibration, the data were compared to a sim-
ulated spectrum generated by MCNP5 [54]. The
top plot of Fig. 5 shows the MCNP5 spectrum for a
137Cs source. To account for detector resolution,
a Gaussian smoothing routine was applied, and
the smoothed MCNP5 spectrum was fit the to en-
ergy region surrounding the Compton edge. This
process was repeated while varying the smooth-
ing parameters, and the fit quality was tracked by
the resulting χ2. A measured 137Cs is shown in
Fig. 5 and compared with the smoothed MCNP5
spectrum.
The signal from a proportional counter was sent
through a charge integrating preamplifier, there-
fore the energy of the recorded waveform is simply
its amplitude. The risetime of the preamplifier sig-
nal, defined here as the time from 10 % of the full
height to 50 % of the full height, is also extracted.
This typically ranges from 200 ns to 1µs. Figure 6
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Figure 5: Top: The simulated spectrum generated
for a 137Cs source placed above one FaNS-1 scin-
tillator segment. Bottom: The spectrum of de-
posited energy from a 137Cs gamma source. The
MCNP5 spectrum after smoothing is overlaid.
shows the risetime versus pulse height spectrum
of a 3He counter for a long exposure of ambient
background data taken underground (discussed in
Section 6). The risetime is a simple measure of
the geometry of the ionization trail of a neutron
capture event in the 3He counter. A dense cluster
of charge from an alpha particle, which has a large
specific energy loss, creates a short risetime, while
a low specific energy loss, from an electron, will
leave a long track with a low total energy. Differ-
ent particles cluster in different regions of risetime
versus energy space, allowing for the rejection of
most non-neutron capture events. A more detailed
discussion of the features of the figure is found in
Ref.[53]
In analysis, one searches for the scintillator sig-
nal that is coincident within the 400 µs timing
window of the 3He proportional counter signal.
Events with scintillator signals that precede the
3He signal are considered as candidate neutron
events. However, events which have a helium sig-
nal that precedes a scintillator signal are uncor-
related coincidences and constitute a flat back-
ground in the timing spectrum. This separation of
true recoil-capture events and uncorrelated coinci-
dences allows for the accurate subtraction of the
background. The probability of multiple gamma
or neutron events within a single timing window
was small due to the low event rates encountered
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Figure 6: The 10 % to 50 % risetime versus energy
from all the FaNS-1 3He proportional counters for
the underground data at KURF. The events in the
box correspond to the full energy collection of the
neutron capture reaction products.
in these measurements. For events with multiple
signals, the events were discarded with negligible
effect on the response spectra. In principle, the
analysis can be modified to include multiple sig-
nals to enable operation in higher rate fields.
While the rates encountered in this work were
not high, one can make an estimate of the maxi-
mum background fields in which FaNS-1 can oper-
ate. For thermal neutron background, the limita-
tion is primarily from deadtime in the data acqui-
sition. Because of the large digitization range re-
quired for each trigger, this effect becomes notice-
able at rates of around 100/s. For gamma back-
grounds, a problem arises when the rate of false
coincidences begins to outnumber the real coinci-
dences. The detector has a limitation with the sta-
tistical subtraction of random coincidences when
the gamma rate causes the majority of events to
have multiple clusters of PMT signals. With the
maximum capture window of 400µs, this limiting
rate commences at a few 1000/s. We note that de-
tectors based on capture-gated spectroscopy can
minimize both effects by decreasing the neutron
capture time, which can be accomplished in the
design of the detector geometry and the material
selection.
Three types of data were collected in this work:
the energy response of 2.5 MeV and 14 MeV neu-
trons and the energy response of fast neutrons at
the Earth’s surface and underground. Analysis
cuts were optimized for the data from the specific
type of run, or they changed as a result of im-
provements to the hardware. For example, the im-
proved electronics for 3He detection that were im-
plemented for the underground data runs reduced
the noise and improved the energy resolution, thus
6
Table 1: The cut parameters for each type of data collected. The second column is the energy threshold
for the combined deposition in the plastic scintillators; the third column is the energy acceptance window
for the 3He proportional counter; the fourth column is the range of the coincidence timing window relative
to a prompt coincidence; and the final column is the range of the rise time window. N/A indicates that
the cut was not applicable due to the electronics used for those measurements.
Type of measurement Scintillator energy 3He energy Coincidence Risetime
threshold (MeV) window (MeV) window (µs) window (µs)
2.5 MeV and 14 MeV 0.5 (0.1, 0.9) (−100, +100) N/A
Surface data 1 (0.62, 0.9) (−100, +300) N/A
Underground data 1.1 (0.69, 0.8) (−200, +200) 0.1-1.0
permitting a narrower energy window for the 3He
acceptance. Table 1 gives a summary of some of
the important cuts for the different data runs.
4. Energy Response to Monoenergetic Neu-
trons
To understand the performance of the spec-
trometer, it was important to characterize it in
known fast neutron fields. This was accomplished
through a series of measurements performed at the
Californium Neutron Irradiation Facility (CNIF)
at NIST [55]. The CNIF provided monoenergetic
neutron generators at 2.5 MeV and 14 MeV and
several 252Cf neutron sources whose activities were
known at the level of 1 % to 2 %. The sources and
monoenergetic neutrons were used to characterize
the energy response. Sealed-tube neutron genera-
tors produced the monoenergetic neutrons via the
reactions deuterium-deuterium (D-D) at 2.5 MeV
and deuterium-tritium (D-T) at 14 MeV.
One of the beneficial features of the CNIF is
that the sources are placed in the center of a
large volume room, thus minimizing the contri-
bution of neutrons that scatter from the walls
and return to the detector (often referred to as
“room return”) [56]. Within the main room of the
CNIF, there is an inner room whose walls, floor,
and ceiling are constructed of thin-wall aluminum
that is 5 cm thick and filled with anhydrous borax.
This provides good thermal neutron shielding and
shields the detector from neutrons that thermalize
outside the inner structure. During irradiations,
the detector was placed within the inner room near
a neutron source, and the resulting fast neutron
field was a combination of an isotropic distribu-
tion from the source and neutron return from the
environment, including albedo from boundaries of
the irradiation room.
To obtain the energy response, the spectrome-
ter was irradiated with both 2.5 MeV and 14 MeV
neutrons. The data were analyzed as discussed in
Section 3.2 to yield pulse height spectra. To obtain
the true energy conversion, the detector was cali-
brated for energy using the Compton edges of the
gamma rays from 60Co and 137Cs. This gives a
reliable calibration in electron equivalent energy.
The pulse height data from each of the detector
sections was then converted to energy using the
light response of Eqn. 3 and added together to
give the total energy of an event. Figure 7 shows
the resulting energy response for the 2.5 MeV and
14 MeV neutrons. The agreement between data
and simulation indicates that the light response
function of Eqn. 3 reproduces the observed neu-
tron spectra well. This is an important result be-
cause the same function will be used for determin-
ing the energy response of the data for the surface
and underground measurements. In addition, the
spectra exhibit well-resolved peaks without using
any unfolding procedure. This highlights a benefit
of capture-gated spectroscopy; with the FaNS-1
detector, one is able to discern directly the en-
ergy response of monoenergetic sources. The low-
energy portions of the plot are populated by room-
return neutrons that have lost significant energy in
the surrounding environment.
The FaNS-1 spectrometer was modeled with
both MCNP5 and MCNPX [54, 57]. MCNP5
was adequate for gamma-ray interactions, but for
higher energy neutrons, the simulations were per-
formed in MCNPX, which extends to higher ener-
gies than MCNP5 and allows tracking of radiation
other than neutrons, gamma rays, and electrons.
MCNPX allows some variation in the physics used
for the calculations. For this work, the MCNPX
tabular physics were used below 20 MeV, and the
default model physics were used above.
Calculations of the neutron response of the de-
tector used the PTRAC option of MCNPX, which
allows the proton, deuteron, triton, and alpha par-
ticles to be tracked separately. The proton-recoil
light response discussed in Section 2.2 was used to
convert deposited energy into light on an event-
7
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Figure 7: Pulse height spectra from two monoen-
ergetic neutron generators. Top: Response from
a 2.5 MeV neutron generator. Bottom: Response
from a 14 MeV neutron generator. The MCNPX
simulation is overlaid on each plot.
by-event basis. The light response for deuterons,
tritons, 3He, and 4He was derived from the pro-
ton response. The light output L depends mainly
on the magnitude of the differential energy loss,
which depends on the velocity and charge of the
particle. Thus, the following scaling was used for
particles of equal charge Z and equal energy per
nucleon, E/A, but different mass numbers A1 and
A2
L
(
A2,
E2
A2
)
= L
(
A1,
E1
A1
)
×A2
A1
, for Z1 = Z2. (4)
Numeric filters were developed to analyze the
PTRAC files and report the time between the first
collision and capture, whether there was a 3He
capture, and total light produced in individual
scintillators. These filters allowed for the matching
of experimental parameters in the simulation.
When environmental scattering (e.g., from
floors or walls) was thought to be significant, the
FaNS-1 model was inserted into various geome-
tries. The effects of gamma rays were also investi-
gated, and the study included background gamma
rays, gamma rays from sources used in calibration,
and gamma rays resulting from neutron interac-
tions. The latter effects were found to be quite
small.
5. Surface Measurement
The surface flux and energy spectrum of fast
neutrons have been studied extensively as a func-
tion of altitude and latitude [58, 59]. These mea-
surements typically use Bonner spheres, which
rely on unfolding the energy spectra from mul-
tiple detectors and assumptions of the underly-
ing spectrum. The method of capture-gated spec-
troscopy provides a path for improvement by di-
rectly recording the energy deposition from inci-
dent neutrons. Nevertheless, it still must address
the complications arising from the various energy
loss mechanisms as well as understanding the light
response function of the scintillator over a large
energy range.
A simulation of FaNS-1 in an isotropic neu-
tron field was performed to determine the de-
tector sensitivity. The input energy distribution
came from the work of Ref. [59], which is cur-
rently the JEDEC standard cosmogenic neutron
spectrum [60]. The JEDEC spectrum is based on
measurements performed above a hard ground and
therefore includes backscattered neutrons. This
causes a significant enhancement of the spectrum
for neutrons below 100 MeV. Therefore, the sim-
ulation used an isotropic field of neutrons, with-
out ground, to avoid double-counting backscat-
tered neutrons. Simulated events must pass anal-
ysis cuts on the deposited energy in each detec-
tor segment and time between neutron scatter and
capture. In this way the simulation was matched
to experimental parameters. Two correction fac-
tors were applied: one of 0.770 ± 0.015 that ac-
counts for the efficiency of the energy cut on 3He
captures (discussed in Section 3.2), and second
of 0.85 ± 0.15 that accounts for the intrinsic ef-
ficiency of our 3He proportional counters. With
this result, one may define an average sensitivity
S
surf
= 8.1 ± 1.4 n/(n/cm2) for cosmogenic neu-
trons of 1 MeV and above. This sensitivity can be
interpreted as an efficiency weighted by the input
energy spectrum.
To measure the surface neutron flux and en-
ergy response, the detector was placed in a steel
cargo container on the grounds at NIST. The po-
sition of the detector within the cargo container
was approximately six meters away from a six me-
ter tall building. There was no additional shield-
ing near the detector. The location was 39.130◦ N,
77.218◦ W at an elevation of 120 meters above sea
level, and the detector was 1.5 m above ground.
Data were collected at the end of May 2010. Dur-
ing two days of operation, the detector was live for
45 hours.
Approximately 1.31× 105 events were recorded
during an exposure time of τ = 1.62×105 s, giving
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a total trigger rate of 0.8 s−1. After applying co-
incidence requirements and cuts from Table 1 on
the neutron capture energy in the helium detec-
tors, 1.10 × 104 events remained, giving a post-
cut rate of 0.068 s−1. The number of neutrons
remaining after subtracting random coincidences
is N = 5133 ± 151, yielding a final neutron count
rate of 0.032 s−1. The timing distribution is shown
in Fig. 8. For this data set, the acquisition time
window was extended to improve the coincidence
efficiency. Because the detector operated at a low
trigger rate, this did not increase deadtime.
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Figure 8: Top: The timing spectrum from the data
run on the surface at NIST Gaithersburg. The
error bars are statistical only. Bottom: The de-
tected neutron energy response at NIST Gaithers-
burg after background subtraction. Overlaid is an
MCNPX simulation of the detector’s response to
the reported spectrum from Ref. [59]. The ab-
solute count rate normalization between the data
and simulation has been allowed to float to account
for differences in the environmental conditions be-
tween our data and the data of Ref. [59].
Using the same background subtraction and
pulse height method as before, we obtained the
neutron energy deposition seen in Fig. 8. The de-
tected neutron flux above 1 MeV at the surface
Φsurfn using the simulated sensitivity S
surf
yields
Φsurfn =
N
τ × Ssurf
= (3.9± 1.1)× 10−3 cm−2 s−1. (5)
Table 2 gives a summary of the statistical and sys-
tematic uncertainties that comprise the total un-
certainty. The largest contribution comes from a
20% uncertainty in the knowledge of the scintilla-
tor energy threshold.
A comparison between the simulated and mea-
sured neutron response is shown in Figure 8. For
this comparison, we let the absolute normalization
of the spectrum [59] float because the detector op-
erated in different environmental conditions (so-
lar cycle, barometric pressure, humidity, latitude,
etc.) that can effect the absolute neutron flux.
The measurement at the surface verifies that the
response of the detector was modeled correctly in
MCNPX and that the spectrum of Ref. [59] is an
appropriate choice for the simulation. This gives
confidence that the simulation can be used to infer
the neutron flux in a low neutron flux environment.
6. Underground Measurement
After the completion of the calibration runs and
the acquisition of the surface data, the spectrome-
ter was moved to the Kimballton Underground Re-
search Facility (KURF), located at Lhoist North
America’s Kimballton mine in Ripplemead, VA.
The purpose was to measure the ambient fast neu-
tron response at KURF [61] and also to charac-
terize the detector in a low-background environ-
ment. The facility is located in an active limestone
mine at a depth of 1450 meters of water equiva-
lent (mwe) and provides a good low-radioactivity
counting environment [30]. The FaNS-1 detector
resided directly on the concrete floor of the KURF
laboratory for all of the measurements discussed
in this work.
The detector commenced operation at KURF
in the summer of 2010. In approximately 2
months of operation with an exposure time of
τ = 3.737× 106 s, 434 events with energies greater
than 1.1 MeV were detected. The data were ana-
lyzed in the same manner as the characterization
data and the surface data, and the cut parame-
ters are given in the Table 1. The timing spec-
trum for the underground measurement is shown
in Fig. 9. Of the total number of events in the tim-
ing spectrum, 272 have positive timing differences,
and 162 have negative timing differences, and thus
110 events are attributed to neutron capture.
There is a small systematic effect seen in the
timing spectrum that is caused by prompt alpha-
gamma coincidences. It occurs when the decay of a
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Table 2: Summary of correction factors and relative uncertainties for the measured fast neutron fluxes
at the surface and underground at KURF. The uncertainties are associated with systematic effects with
the exception of those for the counting and simulation statistics. An entry of zero means that no explicit
correction was made.
Surface KURF
Source Correction Relative Uncertainty Correction Relative Uncertainty
Energy threshold 0 20% 0 20%
Counting statistics 0 3% 0 21%
3He counter efficiency 0.85 18% 0.85 18%
3He cut efficiency 0.77 2% 0.77 2%
Simulation statistics 0 5% 0 5%
Exposure time 0 1% 0 1%
Total 28% 35%
radioactive contaminant from the aluminum body
of the 3He counter produces an alpha and gamma
in coincidence [53]. These appear in the spectrum
as valid events: a 3He capture in coincidence with
a scintillator signal. To correct for this, the timing
spectrum was rebinned in microsecond increments
that revealed an anomalously high 2-µs wide peak
near t = 0 attributable to these coincidences. That
peak had 10 events and was subtracted from the
110 neutron capture events. By making this cor-
rection, a small number of real neutron captures
may also have been rejected. We estimate this
fraction to be approximately 2 % and do not make
any correction for it. Note that this effect is also in
the surface data, but its contribution is negligible
because of the higher neutron rate.
After the uncorrelated background subtraction
and the removal of prompt events, a total of N =
100 ± 21 events were observed. The energy re-
sponse and timing spectra of these data are shown
in Fig. 9. To quantify the detector response to the
underground neutron flux, a simulation was per-
formed using a uniform distribution of (α,n) neu-
trons incident on FaNS-1. The dominant source
of 1-10 MeV neutrons underground is (α,n) inter-
actions in the surrounding material, but these in-
teractions are complicated and depend on the iso-
topic abundance and distribution in the material.
Without performing detailed analysis of the mate-
rials composition in the surrounding environment,
a precise spectrum cannot be predicted. There-
fore, to approximate the (alpha, n) spectrum, we
used a standard AmBe spectrum [62] for the simu-
lation. As check on the sensitivity to choice of the
input spectrum, we also simulated a flat spectrum
from 1-8 MeV (the range of neutrons detected at
KURF) and found only a small effect on the value
of S.
After applying the same method as in Section 5,
we obtain an average sensitivity to these neutrons
of S
KURF
= 15.1 ± 2.9 n/(n/cm)2 and determine
the observed flux above 1.1 MeV at KURF to be
ΦKURFn =
N
τ × SKURF
= (1.8± 0.6)× 10−6 cm−2 s−1. (6)
Table 2 gives a summary of the statistical and
systematic uncertainties that comprise the total
uncertainty. This flux is comparable to measure-
ments and simulations of the (α, n) neutron flux
in other underground labs [63, 64]. No attempt
was made to measure the intrinsic background of
the detector, but based on its material composi-
tion and an estimate of the intrinsic radioactivity,
the contribution is expected to be very small.
One may obtain an estimate of the total muon-
induced neutron flux using the method of Ref. [16].
Their formula for the neutron flux as a function of
depth is
φn = P0(P1/h0)e
−h0/P1 , (7)
where h0 is the vertical depth in kilometer of wa-
ter equivalent (km.w.e.). The fit parameters are
P0 = (4 ± 1.1) × 10−7 cm−2s−1 and P1 = (0.86 ±
0.05) km.w.e. At the depth of KURF, one obtains
an expected total muon-induced neutron flux of
3.4×10−8 cm−2s−1. The authors predict that 22%
of these neutrons are above 10 MeV, which yields
a flux above 10 MeV of 7.5× 10−9 cm−2s−1.
No events were observed with energies greater
than 10 MeV during the period of operation of
FaNS-1 at KURF. Other work has shown that
muon-induced neutrons above 10 MeV should have
a similar shape to cosmogenic neutrons at the sur-
face although with a substantially reduced flux.
One can estimate an average sensitivity to these
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Figure 9: Top: The timing spectrum from the
2 month exposure at KURF. Bottom: The de-
tected neutron energy response at KURF after
background subtraction. The error bars in both
plots are statistical only.
neutrons from a simulation of the cosmogenic neu-
tron spectrum. For FaNS-1 we determine an av-
erage sensitivity for muon-induced neutrons with
energies above 10 MeV to be S
KURF
= 3.5 ±
0.7 n/(n/cm2). Using that result and a value for
NKURF = 3 at the Poisson 95% confidence level,
Eqn. 6 yields an upper limit of the neutron flux
above 10 MeV of
ΦKURFn (> 10 MeV) ≤ 2.3× 10−7 cm−2 s−1. (8)
This upper limit is considerably higher than the
expected rate calculated from Eqn. 7. If one
extrapolates from our simulated sensitivity, one
would expect FaNS-1 to observe only about one
muon-induced neutron per year of operation at
KURF. Such a measurement is not practical using
FaNS-1 at KURF, and therefore one must consider
moving to a shallower depth or constructing a sig-
nificantly larger detector to study the cosmically-
induced part of the energy spectrum.
7. Summary and Outlook
We constructed a fast neutron spectrometer
consisting of plastic scintillator and 3He pro-
portional counters. The detection principle
uses segmentation to improve energy resolution
and capture-gated spectroscopy to reduce back-
grounds. The spectrometer is capable of observing
very low neutron fluxes in the presence of ambi-
ent gamma background, and this technique does
not require scintillator pulse-shape discrimination.
Using monoenergetic neutron generators and cali-
brated neutron sources, we characterized the neu-
tron response of the detector. The results com-
pare very favorably with simulations performed
with MCNP. Additional work is required to ex-
tract the incident kinetic energy of the incident
neutron from the measured detector response.
A measurement of the surface neutron flux at
NIST in Gaithersburg, MD was made of (3.9 ±
1.1) × 10−3 cm−2 s−1 for energy above 1 MeV.
The data agree reasonably well with a simulated
spectrum based on another measurement. The
spectrometer was subsequently installed at KURF
and measured the ambient fast neutron flux above
1.1 MeV. The measurement yielded a result of
(1.8± 0.6)× 10−6 cm−2 s−1.
It is important to understand the flux and en-
ergy spectrum of muon-induced fast neutrons. The
depth of KURF and the efficiency of FaNS-1 detec-
tor make it impractical to improve on these mea-
surements. Improvement would come from per-
forming the measurements at a shallower depth,
and increasing both the efficiency and energy
range of the spectrometer. Toward that end,
this collaboration has developed a second detec-
tor, FaNS-2, that has an energy range of 1 MeV
to 1 GeV. The detector uses the same principles
of capture-gated spectroscopy and segmentation
as FaNS-1 to achieve good background rejection
and energy resolution. It is a larger volume detec-
tor composed of 16 bars of plastic scintillator with
21 3He proportional counters interspersed among
them. The geometry was optimized using MC-
NPX simulations. Its sensitivity to cosmogenic
neutrons is approximately 90 n/(n/cm2) [29] ver-
sus 8.1 n/(n/cm2) for FaNS-1.
This increased sensitivity along with deploying
the detector at shallower depth should permit the
acquisition of an energy spectrum with signifi-
cantly higher statistics. Two of the main chal-
lenges will be understanding the sources of back-
ground at high energy where the event rate is low
and determining the light response function of the
scintillator over the large energy range.
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